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Abstract The accessory Nef protein from human and simian
immunodeficiency viruses is critical for efficient viral replication
and pathogenesis. Here we present an assembly of the full length
structure of HIV-1 Nef, allele NL4-3, based on the previously
solved anchor and core domain structures. The center part of the
33 residue encompassing flexible loop at the C-terminus of Nef,
involved in Nef internalization and CD4 endocytosis, has been
modelled. The degree of sequence conservation in HIV-1 Nef
proteins was determined using a total of 186 different strains
from five different subtypes. The sequence conservation has been
correlated with the accessible surface area and with secondary
structure features for individual residues. The high amount of
flexible regions in Nef accounts for the large surface and the
multiple interaction sites the protein exhibits. ß 2001 Federa-
tion of European Biochemical Societies. Published by Elsevier
Science B.V. All rights reserved.
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1. Introduction
Nef is a 27^35 kDa myristoylated accessory protein that is
unique to the primate lentiviruses HIV-1, HIV-2 and SIV.
Early experiments in rhesus macaques with SIV containing
large deletions in the nef gene revealed that Nef is essential
for maintaining optimal viral replication and the progression
to AIDS and that a strong selective pressure maintains func-
tionally intact Nef variants in the infected host [1^3]. This role
of Nef as a key factor for lentiviral pathogenesis was subse-
quently con¢rmed for HIV-1 in humans [4,5].
Although the importance of Nef for the viral life cycle
became clear, its function at the molecular level remains con-
troversial (reviewed in [6]). Three functions have been attrib-
uted to Nef. First, by interacting with tyrosine and serine/
threonine kinases, Nef alters cellular signalling pathways [7^
9]. Second, Nef increases viral infectivity at a step after the
entry of the virus into the cell [10,11]. Third, by interacting
with components of the endocytic machinery, Nef decreases
the expression of CD4 and major histocompatibility complex
class I antigens on the surface of infected cells [12^14]. Given
the high polymorphism between di¡erent nef alleles [15], the
conservation of these genetically separable functions suggests
an important role of each individual function in the viral life
cycle. How these functions contribute to the importance of
Nef in the infected host however still remains largely un-
known and warrants further investigation.
Proteolytic experiments revealed that Nef adopts a two do-
main structure consisting of an N-terminal membrane anchor
region and a well folded C-terminal core domain [16]. Based
on this observation the structure of Nef has been determined
for the core domain by nuclear magnetic resonance (NMR)
spectroscopy [17] and by X-ray crystallography both in com-
plex with the SH3 domain of the Fyn tyrosine kinase [18,19]
and alone [19]. The structures are in good agreement with
each other but miss a £exible loop at the C-terminus, reaching
at least from residue 159 to 173. Recently, also the N-terminal
membrane anchor domain structure has been solved in its
myristoylated and non-myristoylated forms showing a £exible
polypeptide chain with two helical structure elements [20].
These two protein fragments now render the possibility to
get insights into the full length Nef protein.
Here we present the assembly of the structural domains of
HIV-1 Nef and calculate the surface accessibility of individual
residues. The structural features were correlated with the de-
gree of sequence conservation based on the evaluation of 186
di¡erent strains from HIV-1 Nef and discussed for their im-
plications on the molecular functions of Nef.
2. Materials and methods
2.1. Structure assembly and model calculation
The full length Nef (2^210) structure, strain NL4-3, has been as-
sembled based on the structures of the myristoylated Nef anchor
domain (myr2^57) ([20], PDB accession no.: 1QA5, model 1) and
the truncated core domain (56^206, v159^172) ([21], 2NEF, model
1). To create a template ¢le for molecular modelling of the £exible
loop two additional residues at both sides of the Nef deletion site were
taken out. Into this template the central region (amino acids 157^174)
of the C-terminal £exible loop has been modelled using the Swiss-
Model approach for automated comparative protein modelling [22].
Additional energy minimization methods have been applied using the
program X-PLOR [23] in order to harmonize covalent geometry val-
ues. NMR experiments were performed on a Bruker DMX-600 spec-
trometer at 308 K. Highly puri¢ed myristic acid (Boehringer Mann-
heim) was added in increasing amounts up to 0.4 mM concentration
to 0.3 mM 15N-labelled Nef (40^206), solved in 10 mM Tris bu¡er,
pH 7.85. Figures were generated with MOLSCRIPT [24]. Coordinates
of the full length NL4-3 Nef model can be requested from M.G.,
E-mail: geyer@mpimf-heidelberg.mpg.de.
2.2. Surface accessibility and sequence conservation
The atomic accessible surface has been calculated using the pro-
gram NACCESS (Hubbard, S.J. and Thornton, J.M. (1993) ‘NAC-
CESS’, computer program, Department of Biochemistry and Molec-
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ular Biology, University College London). The calculation has been
performed with default van der Waals radii, including all hydrogen
atoms, and a default probe size of 1.4 Aî . Separation in main chain
and side chain values and their relative accessibility for individual
residues are based on model parameters given by Hubbard et al. [25].
Sequences of HIV-1 Nef alleles were taken from the HIV Sequence
Database at the Los Alamos National Laboratory (http://hiv-web.
lanl.gov/) and two studies about sequence variations published by
Shugars et al. and Kirchho¡ et al. [26,27]. A total of 186 sequences
have been evaluated which neither exhibit a premature stop codon nor
large deletion sites. The sequences were aligned with the Multalin
software package (http://www.toulouse.inra.fr/) and clustered into
groups of similarity for each amino acid position.
3. Results and discussion
3.1. Full length structure assembly
The most informative result towards the structure determi-
nation of Nef were proteolytic digestion experiments that re-
vealed the modular organization of HIV-1 Nef [16]. The ob-
servation that almost one third of the protein is structurally
less de¢ned explained the oligomeric character of the protein
for unspeci¢c aggregation and the di⁄culties in early crystal-
lization attempts. Subsequently, the structures of the two sep-
arable parts of Nef, a £exible myristoylated membrane an-
choring region and a stable core domain, were determined
using NMR spectroscopy and X-ray crystallography [17^20].
Since the experimental determination of a full length Nef
structure is unlikely unless one could overcome the unspeci¢c
oligomerization properties, e.g. by complexation with a cofac-
tor that stabilizes the £exible parts, we decided to assemble
the structural fragments and model the C-terminal £exible
loop which is missing in all structures. In the following the
amino acid notation is based on the sequencing numbers of
the NL4-3 Nef strain.
In order to assemble the two regions we ¢rst studied the
e¡ects of myristate on the structure of the core domain. NMR
titration experiments were performed with free myristic acid
added in increasing amounts to 15N-labelled core Nef (40^
206). No changes in the characteristic pattern of chemical
shifts of the Nef protein were detected, indicating no interac-
tion between the two molecules. This suggests that the myris-
tic moiety in the myristoylated Nef protein is not hidden in
the structure, but rather exposed to the solvent e.g. to direct
the protein to the membrane. This result allowed us to assem-
ble the structures of the two protein fragments with a free
accessible N-terminus.
We covalently linked the myristoylated N-terminal part of
Nef (myr2^57) to the core domain of Nef (56^206, v159^172)
at the peptide bond between residue 56 and 57 preserving the
dihedral angle g. As template for the core domain we took
the NMR-derived structure [21], which is most complete at its
N-terminus while the two crystal structures of Nef in complex
with Fyn [18,19] or Nef alone [19] start at residues 71 or 74,
respectively. Next, the center part (residues 157^174) of the 33
amino acids encompassing £exible loop (148^180) was mod-
elled to the structure and energy-minimized as described in
Section 2. The full length Nef structure consists of six K-heli-
ces (K1^K6) and a L-pleated sheet of ¢ve antiparallel L-strands
(L1^L5) as shown in Fig. 1A. The Nef structure is partitioned
in four units: a £exible myristoylated membrane anchoring
region of variable length (1^56), followed by the PxxP loop
(57^80), the core domain (81^206, v148^180) and a C-termi-
nal £exible loop (148^180; Fig. 1B). While the anchor and the
C-terminal £exible loop are not restrained within their con-
formation relative to the core domain, the PxxP loop is
loosely linked to the core by hydrophobic interactions.
3.2. Surface accessibility of NL4-3 Nef
The calculation of the overall protein surface of the full
length NL4-3 Nef model structure reveals an accessible sur-
face area of 17 600 Aî 2. For a protein of 206 amino acid size
this can be considered a very large solvent-exposed surface
area. For comparison the well folded nuclear import protein
Fig. 1. Structure model of the full length, myristoylated HIV-1 Nef protein, strain NL4-3. (A) Ribbon presentation. The structure has been as-
sembled from solution structures of the myristoylated Nef anchor domain (myr2^57; [20]) and the Nef core domain (56^206v159ÿ173, [21]). Co-
ordinates of the central region (residues 157^175) of the C-terminal £exible loop have been modelled. (B) Molecular surface presentation. Three
£exible regions within the Nef structure are highlighted: the myristoylated anchor domain (myr2^56, light blue), the PxxP loop (57^80, middle
blue) and the C-terminal £exible loop (148^180, dark blue). The N-terminal myristoyl moiety is labelled.
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Ran, whose structure comprises the exact same number of
amino acids, exhibits an accessible surface of just 9950 Aî 2
as calculated here. The gain in surface area is due to the
high degree of less folded, £exible regions in Nef leading to
more solvent exposure. Speci¢cally, the myristoylated anchor
domain (myr2^56) encompasses 6160 Aî 2 and the C-terminal
£exible loop (148^180) 3470 Aî 2 which together account for
55% of the entire accessible surface. The PxxP loop (57^80) as
the third £exible unit contributes with another 2500 Aî 2 to the
overall Nef structure. Thus, in the most comprehensive view,
the 93 residues of the well folded core structure (81^206,
v148^180) form only 31% of the molecular surface.
Fig. 2. Sequence conservation, secondary structure and solvent accessibility in HIV-1 Nef. (Top) Solvent accessibility area calculated for resi-
dues of the assembled NL4-3 Nef structure. The three lines indicate main chain (light gray) and side chain (gray) contributions and the total
(solid line). (Middle) Secondary structure elements of Nef, displayed below the amino acid sequence of NL4-3 Nef. (Bottom) Degree of se-
quence conservation in HIV-1 Nef proteins determined from a total of 186 strains. Shaded blocks display the conservation of amino acid iden-
tity (average degree of conservation: 84%), the solid line indicates residue similarities. The HIV-1 Nef consensus sequence as derived from the
alignment is indicated below. Sequential motifs and their respective protein interaction sites previously described are labelled at the NL4-3 se-
quence.
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A detailed plot of the solvent accessibility of each residue
including main and side chain contribution is shown in Fig. 2.
Overall, the N-terminal residues up to A83 appear very acces-
sible, which is the ¢rst turn of helix K3 starting the core
domain. It follows an alternating section until the £exible
loop (V148^V180) again is homogeneously exposed. Towards
the end, the C-terminal 11 residues become increasingly acces-
sible. Only few amino acids are completely hidden in the
structure as are e.g. the large aromatic side chains of W141
and W183. Both form the sca¡old of the protein and assemble
helices K3 and K4 to the L-pleated sheet. To mention only a
few exposed residues within the core structure, the hydrophilic
basic side chains of R105, R184, R188 and R196 are charac-
teristic. Overall, the large accessible surface in combination
with the high portion of £exible regions may account for
the numerous protein interactions that have been reported
for Nef.
It is important to note that for a protein as £exible as Nef,
the total accessible surface area may strongly vary upon dif-
ferent conformations and that molecular rearrangements may
occur upon complex formation. However, the full length Nef
model structure represents one feasible conformation and em-
phasizes in particular the hidden residues.
3.3. Sequence conservation in HIV-1 Nef
The degree of sequence conservation in HIV-1 Nef proteins
has been calculated using a total of 186 di¡erent strains from
¢ve di¡erent subtypes (see Section 2). The degree of sequence
identity and sequence similarity for every individual position
is displayed in Fig. 2, lower panel. To our surprise, Nef se-
quence conservation was unexpectedly high with an average
sequence identity of 84% and an average similarity of 89%.
There are two main regions where sequence insertions rel-
ative to the NL4-3 allele occur. A variable duplication is
found in about 36% of all sequences at position 23, following
a positively charged arginine cluster (17^22). This insert is of
variable length up to 14 residues and resembles the motif
RxRRAEP. Most likely it will mimic the K-helical conforma-
tion of the preceding helix K1. The second region is a rare
insert (in 5% of all sequences) of E and/or G residues within a
cluster of glutamic acids (62^65) in the PxxP loop. Single
amino acid deletions are found predominantly at three loca-
tions: From position 8 to 11 (5%), 49 to 51 (7%) and 155 to
162 (3%). These locations correlate with lower sequence con-
servation and structurally less de¢ned loop regions. The latter
one is of particular interest since it only occurs as deletion of
six residues in combination with a mutation of a charged
residue. The sequence EEANKGENTSLL154 mutates to
E--NN----SLL which preserves the endocytic ExxxLL motif
(see e.g. strain B_NEFD).
The most homogeneously conserved part of Nef ranges
from V66 to V148 which includes the polyproline helix and
the L-strands. There are few examples where typical features
of secondary structure elements correlate with sequence con-
servation. At the ¢rst turn of helix K4 the solvent-exposed
residues R105 and D108 are less conserved while R106 and
Q107 point towards the structural core and are highly con-
served. In strand L5, E182 and R184 are on the surface and
more variable while W183 is completely hidden and con-
served.
3.4. Implications for molecular functions
Our analysis shows that the myristoylation site, the PxxP
site for SH3 domain interaction, and the dileucine motif for
internalization are the motifs with the highest degree of con-
servation in Nef (Fig. 2). This scheme may help to identify
Fig. 3. Surface electrostatic potential display of NL4-3 Nef. Some characteristic charges are labelled. Note the positively charged N-terminus
and the negatively charged C-terminal £exible loop creating a dipolar character of the protein. The surface was calculated using a water-probe
radius of 1.4 Aî , and the electrostatic potential is displayed at a scale of 318 kBT (red) to +18 kBT (blue). The ¢gure was generated with the
program GRASP [36].
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structural requirements for protein formation as well as con-
served exposed protein interaction sites for future binding
studies.
In addition to that, display of the electrostatic surface pro-
vides information about charged areas that may form poten-
tial interaction sites (Fig. 3). Very remarkable is the strong
negatively charged cluster formed by eight acidic residues at
the basis of the C-terminal £exible loop (E149^E155 and
D174^E179). These acidic amino acids at both ends of the
£exible loop are opposite to each other, thereby creating a
repulsive force that might be required to prevent formation
of a regular secondary structure element but result in a £exible
loop. Also by that, the protein adopts a dipolar character with
a positively charged N-terminus formed by K4, K7 and the
helices K1 and K2, and a negatively charged £exible loop,
opposing each other. Other characteristic positive charges
are located at the C-terminus, namely R184, R188, R196
and K206 supported by the three histidines 192, 193, 199.
Arginine 184 has been proposed to be involved in binding
of Nef to RNA stem-loop structures (Pierre Boulanger, per-
sonal communication) which correlates with the high accessi-
bility of these residues (Fig. 2).
Besides the known interacting proteins, two issues in Nef
modi¢cations deserve further considerations. A recent study
suggests the dimerization of Nef, driven by electrostatic inter-
actions of two charged residues, R105 and D123 [28]. The
oligomerization properties of Nef in cells were described ear-
lier [29] and backbone dynamic measurements determined the
dimerization constant to 0.6^0.7 mM [21]. Analysis of crystal-
lographic models provides a molecular basis for dimer and
trimer formation of the Nef core domain which indeed shows
helix K4 and the £anking loop required for this interaction
[30]. Another Nef modi¢cation to further investigate is phos-
phorylation. Nef has been demonstrated to be phosphorylated
on serine and to a lesser degree on threonine residues [31^33].
Threonine 15 was identi¢ed as one possible phosphorylation
site, this residue is however not well conserved and the bio-
logical relevance of this modi¢cation is thus questionable.
Phosphorylated serines were roughly mapped between amino
acids 1^35 and 36^86, respectively, however await further
functional characterization. Since phosphorylation is an at-
tractive mechanism for the regulation of the pleotropic
functions of Nef, this topic remains an important area of
research.
Interestingly, Nef contains a second PxxP motif that is sol-
vent accessible located at the beginning of the C-terminal
£exible loop (P147, P150) opening the speculation of another
SH3 domain binding site [34]. This sequence element does not
form the structural polyproline helix and also the SH3 binding
motif requirements PxBPxR are only partially ful¢lled with a
predominance of glutamic or aspartic acid at position 149
(98%) and the arginine homologue lysine residue at positions
152 (66%). Nevertheless, the accessibility and just the sequen-
tial divergence might make this motif a suitable target for
small N-substituted peptoids [35] adding additional speci¢city
to possible inhibitors.
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